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h i g h l i g h t s
 Spathaspora arborariae is newly isolated; it was never used in bioprocess before.
 Rice hull was acid and enzymatically hydrolyzed to be used as substrate for fermentation.
 Co-cultures of S. arborariae and S. cerevisiae were used to ferment RHH.
 Experiments were scaled-up to bioreactor.
 The results showed near-theoretical yields of ethanol in the co-culture.a r t i c l e i n f o
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Co-fermentation and simultaneous sacchariﬁcation of rice hull hydrolysate (RHH) were investigated for
the production of ethanol and xylitol by Saccharomyces cerevisiae, Spathaspora arborariae, or the combi-
nation of both. In bioreactor cultures under oxygen limitation, S. cerevisiae was capable of metabolizing
glucose from RHH, which contained small amounts of acetic acid, furfural, and hydroxymethylfurfural,
achieving ethanol yields of 0.45 and concentrations of 10.5 g L1. In the co-culture of S. cerevisiae and
S. arborariae pentoses and hexoses from RHH, were converted to ethanol and xylitol, with yields of
0.48 and 0.39, and concentrations of 11 g L1 and 3 g L1, respectively. The simultaneous sacchariﬁcation
and co-fermentation using both yeasts produced ethanol and xylitol to ﬁnal concentrations of 14.5 g L1
and 3 g L1, respectively. Results showed good prospects to use co-cultures of S. cerevisiae and S. arbora-
riae for the bioconversion of RHH into ethanol and xylitol without further detoxiﬁcation.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The interest for ethanol production from renewable resources
has been on the increase in the last decade, as a response to declin-
ing oil reserves and environmental concerns. Biomass residues
from agricultural processing constitutes a potential source for
fermentation bioproducts such as ethanol and xylitol, after their
matrix-bound reducing sugars are made soluble, using enzymes
or acid-catalyzed hydrolyzes. Rice hull, which represents 20%
(mass fraction) of the harvested rice, is one of the most abundant
lignocellulosic by-products, accounting for more than 120 million
metric tons generated per year (Yu et al., 2009). Its lignocellulosiccomposition comprises around 20–25% lignin, 35–40% cellulose
(glucose), and 15–20% hemicellulose (mainly as xylose and
arabinose) (Yu et al., 2009). In order to liberate these fermentable
sugars, interesting for bioconversion into bioethanol and other ﬁne
chemicals such as xylitol, it is necessary to hydrolyze this material,
either by using chemicals (particularly effective over the hemicel-
lulose fraction), enzymes (mainly for cellulose hydrolysis), or a
combination of both approaches (Schirmer-Michel et al., 2008).
There are several obstacles in the fermentation of hemicellulosic
hydrolysates for ethanol production. Inhibitors, such as weak acids
and furans, are often generated during pretreatment with diluted
acids (Lin et al., 2012). The detoxiﬁcation of lignocellulosic biomass
hydrolysates has generally been postulated in order to allow yeasts
to convert sugars during fermentation, but it increases the cost of
the process and sugar loss incurs (Purwadi et al., 2004). The
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holic fermentation, a process known as Separate Hydrolysis and
Fermentation (SHF), or both processes can run together as Simulta-
neous Sacchariﬁcation and Fermentation (SSF). In SHF, hydrolysis
and fermentation are carried out in separate vessels under their
optimal conditions. However, end-product inhibitors of enzymes
activities, such as cellobiose and glucose, can hinder the enzymatic
reaction, whereas microbial contaminations are commonly associ-
ated with the fermentation in the SHF process at industrial scale
(Talebnia et al., 2010). In the SSF process, the production of ethanol
is faster, as the glucose formed is simultaneously fermented to eth-
anol. Furthermore, the combination of hydrolysis and fermentation
decreases the number of vessels needed and thereby investment
costs (Soccol et al., 2010). However, one of the major drawbacks
using SSF process is that the optimum temperature required for
the sacchariﬁcation is seldom the best for fermentation, reducing
the efﬁciency of hydrolysis (Hasunuma and Kondo, 2012).
The fermentation process using lignocellulosic biomass would
be economically viable only if both hexose and pentoses present
in the hydrolysates are converted to ethanol (Kuhad et al., 2011).
Traditional microorganisms used for ethanol fermentation, namely
Saccharomyces cerevisiae and Zymomonas mobilis, are incapable to
metabolize pentoses (Yadav et al., 2011), unless genetically modi-
ﬁed (Lin et al., 2012), while yeasts such as Scheffersomyces (Pichia)
stipitis, Candida shehatae, and Pachysolen tannophilus have been
used for the xylose conversion (Fu and Peiris, 2008), but with lower
productivities. Moreover, yeasts like S. stipitis exhibit a low toler-
ance to inhibitory compounds in un-detoxiﬁed lignocellulosic
hydrolysates; require a small and well-controlled supply of oxygen
for maximal ethanol production; and are sensitive to ethanol,
which limit their use for industrial ethanol production (Matsushika
et al., 2009). One possibility to circumvent this problem is the use
of co-cultures of different yeasts or yeasts and bacteria, in which
both hexoses and pentoses are used as carbon sources. Co-fermen-
tations have been described for immobilized Z. mobilis and free
cells of Pichia stipitis (Fu et al., 2009); Pachysolen tannophilus and
Z. mobilis (Fu and Peiris, 2008), and S. cerevisiae and S. stipitis (Ya-
dav et al., 2011), with mixed results in terms of yields of ethanol
and productivities.
In this context, the aims of this research were to investigate the
use of rice hull hydrolysate (RHH) as substrate for ethanol and/or
xylitol production and the kinetics of glucose, xylose and arabinose
consumption by S. cerevisiae and its co-culture with Spathaspora
arborariae, a new strain that has demonstrated the capability to
convert pentoses into ethanol (Cunha-Pereira et al., 2011), which,
to our knowledge, has never been tested in bioprocess before. Acid
hydrolysis was used to liberate sugars from the biomass matrix,
and simultaneous fermentation and sacchariﬁcation with enzyme
was also attempted. Bioreactor fermentations were run with media
without the puriﬁcation of inhibitory compounds formed during
acid hydrolysis (acetic acid, furfural, and hydroxymethylfurfural),
under oxygen limitation conditions.2. Methods
2.1. Microorganisms, cell maintenance, and materials
The strains used in this study were S. cerevisiae ICV D254 (Lal-
vin, Institut Coopératif du Vin, France), and Spathaspora arborariae
(NRRL Y-48658). S. cerevisiae ICV D254 is a commercial wild-type
strain isolated from Syrah grapes from the Rhône Valley region,
in France, used for wine fermentation and it has been chosen for
this research due to its good ethanol resistance (Cunha-Pereira
et al., 2011). S. arborariae NRRL Y-48658 was recently isolated from
rotting wood collected in the Serra do Cipó National Park, State ofMinas Gerais, Brazil, and was characterized (Cadete et al., 2009) as
an efﬁcient D-xylose fermenting yeast. Yeasts were kept frozen at
20 C in stock cultures of 20% glycerol and 80% of culture med-
ium, containing (in g L1): yeast extract, 3; malt extract, 3; pep-
tone, and glucose, 5. Rice hull was obtained from a local rice mill
as dried material and processed without any further treatments
before hydrolysis (see below). For the simultaneous sacchariﬁca-
tion and fermentation, (SSF) the enzymatic complex PowerCell
was used (Prozyn, 15 FPU g1, kindly provided by Prozyn, São Pau-
lo, Brazil). This product is an enzyme cocktail developed for the
sacchariﬁcation of lignocellulose biomass. All chemicals used in
this research were of analytical grade and purchased from Sig-
ma–Aldrich (St. Louis, USA), unless otherwise stated.
2.2. Inocula preparation
Inocula for all cultivations were prepared by cultivating the
yeasts in synthetic medium (composition described below) in
500 mL Erlenmeyer ﬂask ﬁlled with 150 mL of medium. Cultiva-
tions were carried out in an orbital shaker (Marconi MA 830, Bra-
zil) at 180 rpm, 30 C for 24 h. Late exponential-phase cells were
collected by centrifugation at 3000g for 10 min, and the pellet
formed was washed with sterile distilled water and resuspended
directly into the medium to be used in the fermentation to obtain
a cell concentration of optical density 1 at 600 nm. Fractions of 10%
(volume fraction) of these cell suspensions were then used as the
inocula in all experiments.
2.3. Hydrolysis of rice hull and media composition
Rice hull hydrolysate (RHH) was obtained by the diluted acid
hydrolysis of rice hull in autoclave (121 C, 60 min, solid–liquid ra-
tio of 1:10, 1% volume fraction of sulfuric acid; Cunha-Pereira et al.,
2011). The compositions of rice hull and the acid hydrolysate
(RHH) were determined and described in details elsewhere (Hick-
ert et al., 2013). The liquid fraction was recovered by ﬁltration and
the pH was adjusted to 5 using solid NaOH pastilles and then was
vacuum-concentrated at 70 C in order to increase its ﬁnal sugar
and protein concentrations to (in g L1): glucose, 27; xylose, 13;
arabinose, 5; and protein 5. This was the medium used for the fer-
mentations using S. cerevisiae and for the co-cultures of S. cerevisiae
and S. arborariae where the enzyme was not included. For the SSF,
the acid-hydrolyzed biomass (RHH) was added to bioreactors
without ﬁltration, containing, therefore, the remaining solid frac-
tion of rice hull that did not solubilize during the acid hydrolysis.
Then, a buffered enzyme solution (100 mL of sodium acetate, pH
4.7) was directly added to the bioreactor, to a ﬁnal concentration
of 15 FPU g1 dry matter of lignocellulosic biomass. The amount
of toxic compounds (or inhibitors of microbial growth), formed
during hydrolysis, in the ﬁnal RHH was determined to be (in
g L1): HMF, 0.07; furfural, 0.01; acetic acid, 1.6. Neither detoxiﬁca-
tion nor supplementations were made to the RHH.
2.4. Cultivation conditions
All experiments were carried out in 2 L bioreactors (Biostat B,
Braun Biotech International, Germany), equipped with controllers
of pH, agitation speed, aeration, and oxygen concentration. For
the cultivation of S. cerevisiae a volume of 150 mL pre-inoculum
(OD = 1.0), was added into 1500 mL of medium. For the co-cultures
and the simultaneous sacchariﬁcation and fermentation (SSF), vol-
umes of 75 mL pre-inoculum of each strain (OD = 1.0), totaling
150 mL of inoculum, was added into 1 500 mL of medium. The
pH of all cultures were controlled and maintained at 5 by automat-
ically adding 1 M solutions of NaOH or HCl. The oxygen-controlled
experiments were run using an aeration rate of 1 vvm, controlled
114 L.R. Hickert et al. / Bioresource Technology 143 (2013) 112–116by a needle valve and with a rotameter. Temperature and agitation
speed were maintained at 28 C and 180 rpm, respectively, in all
bioreactor experiments. Samples were collected at predetermined
times for the determination of biomass (as colony forming units),
and for the quantiﬁcation of sugars, xylitol, and ethanol. All exper-
iments were performed in duplicates.
2.5. Analytical methods
Hydrolyzed samples were analyzed by HPLC. Glucose, xylose,
arabinose, and acetic acid concentrations were determined with
a refractive index (RI) (Shimadzu) detector and a Bio-Rad HPX-
87H (300  7.8 mm) column at 45 C, using 0.005 M sulfuric acid
as eluent, ﬂow rate of 0.6 mL min1 and sample volumes of
20 lL. Furfural and hydroxymethylfurfural were determined with
a UV detector (at 276 nm) and a Nucleosil C18 5-lm pore size
(250  4.6 mm) column at room temperature, using acetonitrile–
water (2:8) containing 10 g L1 acetic acid as eluent, ﬂow rate of
1.1 mL min1 and sample volumes of 20 lL. Biomass was esti-
mated as viable cells, using CFU (colony forming units) plated on
yeast morphology agar (YMA) medium. The osmotic pressure of
RHH was measured using an osmometer (VAPRO 5520), following
the manufacturer recommendations.
2.6. Kinetic parameters calculation
The ethanol conversion yield (YP/S, g g1) was deﬁned as the ra-
tio of the concentration of ethanol produced and glucose consumed
when S. cerevisiae was used as the sole microorganism. When cul-
tivation was with S. arborariae, the yields of ethanol production (YP/
S, g g1) was deﬁned as the ratio between the amount of ethanol
produced and total sugars consumed present in medium up to
the moment xylitol started to appear in the medium; for xylitol,
conversion yields (YX/X, g g1) calculation was the ratio between
xylitol produced and xylose consumed.3. Results and discussion
3.1. Culture kinetics of S. cerevisiae on RHH
Because RHH was used without detoxiﬁcation and had a very
high osmotic pressure (1539 mOsm kg1), it was necessary to
determine whether yeast cells could grow in this hydrolysate.
Some authors reported that high osmotic pressures, aboveFig. 1. Bioreactor kinetics of S. cerevisiae ICV D254 cultivated in RHH under oxygen limita
(d), and ethanol (). Results represent the mean of duplicates.1200 mOsm kg1, could hinder yeast growth (D’Amore et al.,
1988; Schirmer-Michel et al., 2009; Huang et al., 2011). Fig. 1 A
show the biomass formation of S. cerevisiae ICV D254 cultivated
in RHH. Exponential growth lasted for about 50–60 h of cultivation
with at least 2-logs of cell concentration increase. Kinetics of sugar
consumption and products formation are shown in Fig. 1 B. S. cere-
visiae consumed all available glucose, showing good ethanol pro-
duction, with conversion yields (YP/S) of 0.44 g g1 showing that
this yeast can be cultivated in hydrolysates containing toxic com-
pounds and without supplementation. Furfural and HMF, which
are formed by thermal degradation of pentoses and hexoses, can
inhibit ethanolic glucose fermentation, causing longer lag phases
and lower growth rates (Wahlbom and Hahn-Hägerdal, 2002). In
this work, results suggest that the presence of toxic compounds
did not affect ethanol production and cell mass. As expected, xy-
lose and arabinose were not metabolized. Saha et al., 2005, culti-
vated recombinant Escherichia coli on rice hull hydrolysate
(obtained under the same hydrolysis conditions employed in this
work) as substrate, and reported yields of 0.43 g g1 of ethanol
considering the conversion of all fermentable sugars present in
the medium. Chandel et al., 2011 reported the cultivation of S. cere-
visiae-VS3 in detoxiﬁed sugarcane bagasse hydrolysate containing
32.84 g L1 of total reducing sugars, obtaining ethanol yields of
0.20 g g1. In this work cultivations were run with a limited supply
of oxygen, and the ethanol formed was subsequently consumed,
suggesting that S. cerevisiae ICV D254 was capable of undergoing
oxidative metabolism in presence of furans and under high osmo-
tic pressure.
3.2. Kinetics of co-cultures of S. cerevisiae and S. arborariae
Because S. cerevisiae is unable to metabolize xylose, co-cultures
with pentose-fermenting yeasts such as S. arborariae, could be pos-
tulated in order to increase overall sugar conversion. In Fig. 2A and
B are shown the biomass formation and kinetics of sugar consump-
tion and products formation of co-cultures of S. cerevisiae ICV D254
and S. arborariae NRRL Y-48658. Exponential growth was faster
than for isolated cultures of S. cerevisiae, but ﬁnal biomass was sim-
ilar (Fig. 2 A). The highest conversion yield of ethanol (YP/S) was
0.48 g g1, while yield of xylitol (YX/X) reached 0.34 g g1, with efﬁ-
ciencies of xylose and arabinose utilization in the co-culture
around 39% and 31%. Although many yeasts are capable of aerobi-
cally assimilating L-arabinose, most are unable to ferment it to eth-
anol (Van Maris et al., 2006). Furfural can function as an external
electron acceptor, regenerating NAD+, which is a cofactor of xylitoltion. (A) Biomass formation; (B) concentrations of glucose (j), xylose (N), arabinose
Fig. 2. Bioreactor kinetics of co-cultures of S. cerevisiae ICV 254D and S. arborariae NRRL Y-48658 cultivated in RHH under oxygen limitation. (A) Biomass formation; (B)
Concentrations of glucose (j), xylose (N), arabinose (d), ethanol (), and xylitol (D). Results represent the mean of duplicates.
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mented to ethanol (Wahlbom and Hahn-Hägerdal, 2002) rerouting
the metabolism away from xylitol, therefore, furfural present in
RHH might be beneﬁcial for xylose fermentation. The increased
ethanol yield in the co-culture is due to the increased rates of glu-
cose and xylose conversion. Initially, the amount of glucose may
have inhibited the transport of xylose and prevented the synthesis
of the xylose catabolic enzymes, causing the inhibition of xylose
metabolism, up to the point where glucose was depleted or below
repressive levels (Kastner et al., 1999). The preferential use of glu-
cose over xylose is not an unusual phenomenon, and was reported
by Cunha-Pereira et al., 2011, in co-cultures of S. cerevisiae ICV
D254 and S. arborariae NRRL Y-48658. The results obtained in this
work show high ethanol and xylitol production using this co-cul-
ture when compared to co-cultures using other pentose-ferment-
ing yeasts, such as S. stipitis and C. shehatae (Chandel et al., 2011;
Hickert et al., 2013). Yadav et al., 2011 used concentrated rice
straw hydrolysate medium fermented with a co-culture of S. cere-
visiae and S. stipitis, obtaining an ethanol yield of 0.40 g g1on total
sugars. Comparatively, results in this work show that S. arborariae,
which is new in bioprocesses, is very competitive with other yeasts
capable of metabolizing both pentoses and hexoses, converting
them into ethanol. For instance, Schirmer-Michel et al., 2009, using
C. guilliermondii NRRL Y-2075 grown under oxygen limitation onFig. 3. Bioreactor kinetics of simultaneous sacchariﬁcation and fermentation of co-cultur
oxygen limitation, added of PowerCell enzyme (15 FPU g1 dry matter of lignocellulos
arabinose (d), ethanol (), and xylitol (D). Results represent the mean of duplicates.detoxiﬁed soybean hull hydrolysate, obtained ethanol yield of
0.40 g g1, and xylitol of 0.22 g g1.
3.3. Kinetics of simultaneous sacchariﬁcation and co-fermentation
with S. cerevisiae and S. arborariae
Bioreactor co-cultures of S. cerevisiae and S. arborariae in RHH
were run with the simultaneous sacchariﬁcation of lignocellulosic
biomass using the PowerCell enzymatic preparation, and results
are shown in Fig. 3 A and B. Sugar conversions into ethanol and
xylitol are presented in Table 1, comparing all cultivations. In a
preliminary test, different concentrations of enzyme (10, 15, 20,
25, and 30 FPU g1) were used, with the most efﬁcient conversion
obtained for 15 FPU g1, with the liberation of 20 g L1 of glucose
and 13 g L1 of xylose (results not shown). A maximum biomass
formation of 1.73  108 CFU mL1 was similar to cultures without
added enzyme. Glucose took longer to be completely consumed
(168 h) compared with the co-culture without enzyme (120 h). Xy-
lose and arabinose utilization were 53% and 30%, respectively, con-
sidering the initial concentration in the bioreactor. The maximum
ethanol production was obtained in 108 h of cultivation with
14.5 g L1, whereas xylitol reached a maximum of 3 g L1. Saha
et al., 2005, reported that the acid pretreatment of rice hull (sulfu-
ric acid 1.0%, volume fraction, 60 min, 121 C), generated 189 mges of S. cerevisiae ICV 254D and S. arborariae NRRL Y-48658 cultivated in RHH under
ic biomass). (A) Biomass formation; (B) concentrations of glucose (j), xylose (N),
Table 1
Sugar conversion into ethanol and xylitol obtained for pure cultures of S. cerevisiae
ICV 254D, and for the co-cultivations with S. arborariae NRRL Y-48658 in RHH.
Microorganism Sugars consumption (%) Maximum
concentration
(g L1)
Glucose Xylose Arabinose Ethanol Xylitol
S. cerevisiae 100 – – 10.5 –
Co-culture 100 39 31 11.0 3
Co-culture with enzyme 100 53 36 14.5 3
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yields of sugars based on the total carbohydrate content. After
enzymatic sacchariﬁcation of the solid residue using a combination
of cellulose and b-glucosidase (Celluclast, Novozyme 188), the
authors obtained only a small increase of 5% in the yields of sugars.
The authors then proceeded to fermentation of the hydrolysate,
obtaining an ethanol production of 18.7 g L1 in SHF, and only
9.1 g L1 of ethanol in the SSF using a recombinant strain of
E. coli. Ohgren et al., 2006, run SSF with S. cerevisiae TMB3400, a xy-
lose-fermenting strain, on pretreated corn stovers with 15 FPU g1
of Celluclast 1.5 L and Novozyme 188, obtaining 14.7 g L1 of eth-
anol based on the total glucose and xylose available in the raw
material. These authors postulated that the use of SSF could be use-
ful because the low concentrations of glucose in the vessel by the
simultaneous release and consumption improved xylose
fermentation.
4. Conclusion
RHH showed to be a substrate for ethanol production by cul-
tures of S. cerevisiae ICV D254 and S. arborariae NRRL Y-48658 in
bioreactors under oxygen limitation conditions. The mild acid-
hydrolysis conditions of this work produced small amounts of fur-
ans and acetic acid, but the ﬁnal medium presented a high osmotic
pressure. Nevertheless, S. cerevisiae proved to be an efﬁcient con-
verter of hexoses to ethanol, whereas in co-culture with S. arbora-
riae, pentoses and hexoses were converted into ethanol and xylitol,
showing good yields. The process of simultaneous sacchariﬁcation
and co-fermentation using both yeasts further improved the etha-
nol concentration but not xylitol.
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